abstract: Implantation failure is one of the major causes of infertility and remains a major barrier to assisted reproduction success. Initial receptivity to implantation is regulated by the endometrial luminal epithelium under maternal hormonal control. Identification of epithelial cell surface components involved in embryo attachment will have translational applications in early pregnancy failure, infertility and contraception. In this study, vectorial biotinylation has been used to characterize the apical glycoproteome of Ishikawa cells, a polarized cell line that serves as a model of the implantation-receptive human endometrial luminal epithelium. Of 46 surface-associated glycoproteins detected by mass spectrometry, half are newly reported in this cell type; a subgroup of these were chosen for evaluation in tissue, and all were shown to be expressed apically in vivo in the mid-secretory (implantation) phase of the menstrual cycle, thus validating the model. Eleven adhesion molecules were detected, some already known to be involved in implantation, others novel. Cadherin 6, desmoglein 2 and plexin b2 were surprisingly found in the apical as well as the lateral membrane domain; their knock-down compromised epithelial integrity. This method of targeting glycosylated apical surface moieties in a polarized epithelial culture model shows excellent selectivity and identifies candidate cell adhesion molecules that are also present in vivo in secretory phase endometrial epithelium.
Introduction
Initial receptivity to embryo attachment is controlled by the endometrial luminal epithelium (Glasser and Mulholland, 1993; Tabibzadeh and Babaknia, 1995; Cha et al., 2012) . During the luteal phase, the morphology and composition of apical and basal domains of luminal epithelial cells change, allowing them to become receptive (Imai et al., 1992; Denker, 1993 Denker, , 1994 . Implantation begins when trophectoderm in the hatched blastocyst becomes apposed to the apical epithelium (Aplin and Kimber, 2004) . This early positioning stage leads rapidly to adhesion and penetration of the epithelial layer, followed by invasion of the endometrial stroma. The earliest embryo-epithelial interactions can be observed in mouse (Salker et al., 2011) where the uterine cavity closes over the embryo to create an implantation chamber, and in ruminants (Spencer et al., 2004) where the trophectoderm spreads over the maternal epithelial surface to form a longer-lasting intercellular interface, but has not been observed in human or other primates, most likely because attachment is initially tenuous (Enders, 2000) . Experiments with human are limited by the low availability of embryos, but observation in vitro of either human or mouse embryos attaching to human epithelial cells (Bentin-Ley et al., 1999; Singh et al., 2010; Kang et al., 2014) show that the earliest interactions are easily disrupted and embryos showing signs of apposition are sometimes observed to move to a new site before establishing stable anchorage.
Endometrium becomes receptive to the implanting embryo in human under maternal endocrine control about 6 days after ovulation, and it has been hypothesized that this change is associated with the loss of a mucin barrier and acquisition of adhesiveness (Aplin, 1996 (Aplin, , 1997 (Aplin, , 2000 (Aplin, , 2006 . Several epithelial cell surface molecular candidates for the initial interaction with trophectoderm have been suggested based on informatics, localization data, in vitro models and infertile phenotypes arising from gene deletions in mouse; these include integrin avb3, its ligand osteopontin, ALCAM, trophinin, L-selectin, HB-EGF, ephrins, CD98 and others (Das et al., 1994; Aplin, 1996; Genbacev et al., 2003; Aplin and Singh, 2008; Lim and Dey, 2009; Singh and Aplin, 2009; Dominguez et al., 2010; Kang et al., 2014) and there is evidence that expression of some of these components is regulated by hormones in a manner consistent with expression at the time of implantation (Apparao et al., 2001) . However it is likely that numerous molecular processes contribute synergistically to early implantation, and so a broader approach to characterizing the receptive epithelial surface is required.
The most abundant proteins in cells are usually cytoplasmic (Aebersold and Mann, 2003) while low abundance proteins, including plasma membrane-resident components, can remain undetected or may be stored in intracellular locations. Having demonstrated that embryo adhesion can occur in vitro to monolayers of Ishikawa cells, a welldifferentiated endometrial epithelial line (Singh et al., 2010) , in the present work we aimed to characterize the repertoire of transmembrane adhesion molecules actually present under defined conditions at the apical cell surface. Most of these are expected to be glycosylated within the ectodomain. We have applied a method for selective, vectorial biotinylation of the carbohydrate residues of these surface glycoproteins in tight confluent monolayers that allows affinity enrichment, and used it to produce a glycoproteomic profile. We validate the presence of both known and previously undocumented surface components, including adhesion and signalling molecules, at the apical surface of endometrial luminal epithelial cells in vivo.
Materials and Methods

Cell culture
Ishikawa cells were maintained in Dulbecco's Minimal Essential Medium containing 20 mM Hepes (Cambrex, UK), 10% fetal bovine serum (Gibco, UK), 1 mM sodium pyruvate (Sigma), 2 mM L-glutamine, 100 mg/ml streptomycin and 100 IU/ml penicillin. Cells were grown in 95% air and 5% CO 2 on 14 mm diameter glass coverslips for immunocytochemistry and siRNA transfection, and in culture flasks for affinity labelling experiments.
Endometrial tissue
Human mid-secretory phase endometrium was obtained with informed consent under local ethics committee approval (St. Mary's Hospital, Manchester, UK) by curettage from healthy, nonpregnant females, who had regular menstrual cycles, had been surgically sterilized, had no history of endometriosis or pelvic inflammatory disease and were not using hormonal contraception or intrauterine devices in the 3 months immediately preceding the study. Dating was based on the time of the last menstrual period. Biopsies were frozen in liquid nitrogen and stored at 2808C. Sections of 5 mm thickness were mounted on poly-L-lysine coated slides.
Immunofluorescence
Mid-secretory endometrium and Ishikawa cells (transfected and control) were washed twice in phosphate-buffered saline (PBS), and where specified the cells were permeabilised for 15 min in PBS containing 0.05% v/v Triton X-100 (Sigma). All incubations and washes (PBS 3 × 5 min) were carried out at room temperature. After each step, cells were washed with PBS to prevent carry over from one step to the next. Cells were blocked using 100 ml per coverslip of 5% bovine serum albumin (BSA) in PBS for 45 min at room temperature to minimize non-specific antibody binding. Indirect immunofluorescence was performed using primary antibodies as shown in Table I , incubated for 2 h at room temperature. Primary antibody was detected by polyclonal swine anti-rabbit fluorescein isothiocyanate (FITC) (DakoCytomation Ltd, Cambridge, UK), polyclonal goat anti-rabbit IgG alexafluor 568 (Invitrogen) or polyclonal rabbit anti-mouse IgG FITC (DakoCytomation, UK), all at 1:50 for 1 h. Alternatively, to amplify the detection intensity, biotinylated swine anti-rabbit (1:50) was applied for 1 h and then FITC-conjugated Streptavidin (1:50 DakoCytomation, UK). Coverslips were mounted in Vectashield mountant with PI or DAPI (Vector Laboratories, UK) as nuclear stain. Images were captured using ×10 and oil immersion ×40 objective by BioRad confocal microscope and Zeiss AxioObserver inverted microscope (Carl Zeiss, Inc., Europe). Phase contrast and epifluorescence images were captured with a Zeiss AxioObserver inverted microscope with apotome attachment at 3.12 mm z-increments. Laser scanning confocal microscopy used an Olympus inverted microscope connected to a Bio-Rad laser. Z-series optical sections were obtained at 1 mm increments using Kalman optics. Control staining omitting the primary antibody or replacing primary antibody with the same concentration of isotypematched antibody (DakoCytomation, UK) was performed (both cultures and tissue sections) and was uniformly negative. Orthogonal views from the optical sections were generated with Image J (National Institutes of Health, Bethesda, MD, USA) software.
Biotinylation of apical cell surface membrane glycoproteins
Labelling of glycoconjugates with biotin hydrazide requires a prior oxidation step with periodate. Conditions were chosen to restrict labelling to cell surface glycoconjugates (Bayer et al., 1988 hydrazide and with or without sodium borohydride (an optional final reduction step) was optimized. Based on maximum signal and avoiding deleterious effects on cell viability or loss of vectorial labelling, conditions were optimized to 10 mM sodium periodate for 10 min, 5 mM biotin hydrazide for 20 min and 50 mM sodium borohydride for 10 min, all at 48C. Briefly, confluent Ishikawa cells in T75 culture flasks were cooled to 48C, washed with PBS containing 5 mM MgCl 2 and 7 mM CaCl 2 (PBS c/m). Oxidation was performed on ice with 2 ml 10 mM sodium metaperiodate (NaIO 4 ) (Sigma, UK) in 0.05 M sodium chloride, 100 mM sodium acetate (pH 5.5) for 10 min in dark with gentle platform shaking after which cells were washed four times with PBS c/m. Cells were labelled with 2.5 ml per flask of 5 mM E-Z link biotin hydrazide (Pierce, UK) in 100 mM saline sodium acetate (pH 5.5) for 20 min at 48C. Following biotin labelling and four PBS c/m washes, cells were incubated with 50 mM sodium borohydride in PBS, 10 min, 48C. Based on pilot blotting data, the sodium borohydride step was omitted for the proteomics analysis. Labelled cells were extensively washed with PBS c/m, harvested with a cell scraper into PBS, and pelletted at 13 700 g for 8 min. Pellets were extracted with 300 ml 1% SDS/100 mM Tris -HCl (pH 8.3), 30 min, 48C on a roller mixer, boiled for 3 min and then subjected to three cycles of freeze/thaw and diluted 10-fold with 100 mM Tris-HCl (pH 8.3).
Separation and isolation of biotinylated glycoproteins
Avidin beads (Softlink TM , soft release avidin resin, Promega, Southampton, UK) were prepared by two washes in Tris -HCl (pH 8.3) followed by 30 min incubation in 0.1% SDS/Tris-HCl. Cell lysates were added to 100 ml of packed beads, incubated for 2 h and then washed four times in 0.1% SDS/100 mM Tris -HCl (pH 8.3). Biotinylated products were released by boiling for 3 min in 100 ml 4× reducing sample buffer [40% (w/v) Glycerol, 0.02% (w/v) Bromophenol blue, 4% (w/v) b-mercaptoethanol, 8% SDS, 250 mM Tris (pH 6.8)], centrifuged at 13 700g, 5 min and the supernatant collected.
Detection of biotinylated protein by avidin-peroxidase affinity staining
Bound and unbound fractions were resolved by 7.5% SDS -PAGE. To confirm the labelled products, nitrocellulose membrane (Amersham, UK) transfers were probed with avidin-peroxidase (10 mg/ml) for 1 h on platform shaker at room temperature followed by washing (3 × 5 min changes of 0.05% v/v Tween-20 in PBS) and Enhanced Chemiluminescence (ECL) detection. Cells exposed to the biotinylation protocol without prior oxidation were used as a negative control.
Visualization of apical cell surface biotin labelling by electron microscopy
Following biotinylation in situ, Ishikawa cells were fixed with 4% paraformaldehyde (BDH, Poole, UK) in PBS for 30 min at room temperature, rinsed with PBS (3 × 5 min) and then with 0.1% BSA/PBS for 5 min. Cells were then incubated with 5 mg/ml avidin peroxidase, 0.125 M TBS, 1 h, room temperature. After washing in tris-buffered saline (TBS) (3 × 5 min), cells were developed in 10 mg/ml 3,3
′ -diaminobenzidine solution (DAB) (Sigma, UK) in TBS, 5 min. Stained cells were carefully harvested with a scraper, pelleted, resuspended in 1 ml human serum and then centrifuged to form a tight button at the bottom of an Eppendorf tube. Serum was carefully removed, and freshly made 2.5% glutaraldehyde (EM Grade, Agar Scientific) in 0.1 M sodium cacodylate buffer (pH 7.3) was carefully layered onto the surface and left for 2 h. Following postfixation, the cell pellet was washed several times with buffer, stored at 48C and then embedded for electron microscopy.
Protein detection by Coomassie Brilliant Blue staining
Prior to mass spectrometric analysis of the biotinylated glycoproteins, gels were soaked in an excess of 0.25% Coomassie Brilliant Blue (CBB, Bio-Rad) solution in 40% methanol and 7% acetic acid for 1 h and then destained with 40% methanol/10% acetic acid in distilled water for 1 -2 h.
Mass spectrometry
Precast 10% polyacrylamide gels (Nunc) were run for 7 -10 min at 200 V to carry the products a short distance into the resolving gel. Stained gel was excised using a disposable glass pipette, reduced using 10 mM DTT in 25 mM ammonium bicarbonate (NH 4 HCO 3 ), 568C, 1 h, and alkylated with 55 mM iodoacetamide, 25 mM NH 4 HCO 3 , 45 min at room temperature in dark. After washing in acetonitrile, in-gel digestion was carried out overnight using 5 ml of 12.5 ng/ml trypsin (sequencing grade, Promega) in 50 ml 25 mM NH 4 HCO 3 . Peptides were extracted from the gel using 50 ml of 20 mM NH 4 HCO 3 for 20 min, with further extraction using 5% formic acid in 50% acetonitrile for 20 min. Samples were dried to 20 ml in a vacuum centrifuge of which 6 ml was analysed by liquid chromatographytandem mass spectrometry (LC/MSMS) using a Q-TOF Micromass spectrometer.
Protein identification
Data were searched in triplicate against both SWISSPROT and TrEMBL by MASCOT (Matrix Science Ltd, London, UK) using the Refseq human sequence database with the following parameters: fixed modification, carbamidomethyl (Cys); variable modifications, oxidation (Met) and maximum missed cleavages, 1; peptide mass tolerance, 0.5 Da; MS/MS tolerance, 0.5 Da; and peptide charge, 1+, 2+, 3+. For peptide and protein identification, the search results were processed as follows: (i) candidate peptide sequences were screened with the probability-based MOWSE scores that exceeded their threshold (P , 0.05) and a minimum of two peptide matches; (ii) redundant peptide sequences were removed; (iii) each peptide sequence was assigned to a protein that gave the maximal number of peptide assignments among the candidates.
Western blotting
Thirty-microgram protein was loaded per well on 7.5% SDS-polyacrylamide gels. The separated proteins were transferred to nitrocellulose (Amersham Biosciences, UK) or PVDF membranes (Millipore) and blocked with 5% milk protein or BSA in TBS/Tween-20 at room temperature for 1.5 h. Membranes were probed with CDH6 and b-actin (details in Table I ) at 48C overnight and then washed, incubated with peroxidase-labelled anti-rabbit IgG secondary antibody (DAKO) at room temperature for 1 h, washed again then visualized by enhanced chemiluminescence (Amersham Biosciences, UK). Image J (National Institutes of Health, Bethesda, MD, USA) was used to quantify bands and compare to the loading control.
RNA interference (siRNA)
Cells at 40 -50% confluency were transfected with Dharmafect-2 (Dharmacon) using 0 -100 nM siRNA (a combination of four siRNA sequences; OnTarget Plus Smartpool, Dharmacon, UK) targeting CDH6. The effect was compared with a similar concentration of non-targeted control (Dharmacon, UK). After treatment with 100 nM non-targeted control there were adverse effects on cell viability so this concentration was not used further. Following incubation, cells grown on coverslips were fixed with 4% paraformaldehyde for 15 min at room temperature for immunofluorescence studies (staining procedure similar -as stated earlier). Cells were counterstained with Vectashield (Vector laboratories, UK) containing a nuclear counterstain PI and visualized with a Zeiss AxioObserver inverted microscope (Carl Zeiss, Inc., Europe). In addition, cells were analysed by western blotting.
Data analysis
One-way ANOVA + Tukey's Multiple Comparison Test was performed using Prism for Windows (GraphPad, Inc., San Diego, CA, USA).
Results
Profiling the apical cell surface glycoproteome
Cell surface glycans were treated with sodium periodate under mild conditions to convert cis-diol groups to aldehydes, then reacted with biotin hydrazide. In some experiments, reduction of the resulting C¼N adducts was carried out using sodium borohydride. Following binding of avidin-peroxidase and staining, microscopy of scraped Ishikawa cell monolayers was used to assess the selectivity and efficiency of biotinylation. At pH 5.5, biotin hydrazide is membrane-impermeable, and semithin sections ( Fig. 1A and B) and electron micrographs ( Fig. 1C and D ) clearly confirmed that labelling was restricted to the apical cell surface, with negligible biotinylation of lateral, basal surface and cytosolic sites in either control (C) or steroid treated (A, B and D) cells. Cells reacted in the absence of periodate showed no labelling ( Fig. 1A) .
Biotinylated glycoproteins were affinity-purified from detergent lysates on immobilized avidin. Bound glycoproteins were released using SDS, separated on polyacrylamide gels, transferred to a nitrocellulose membrane and visualized by avidin blot (Fig. 1E) or Coomassie blue staining (not shown) to examine the diversity and resolution of labelled glycoprotein species and estimate whether sample size was sufficient for in-gel trypsin digestion and mass spectrometry analysis. Glycoproteins appeared as trains of bands or smears on SDS-PAGE, perhaps because of variable biotinylation or the presence of multiple glycoforms. Results were similar with or without sodium borohydride reduction, so this was omitted from subsequent experiments. Two bands identified in control cells may reflect endogenous biotinylation as they were detected in non-labelled cells as well as in cells that had not been periodate-oxidized. Otherwise, incorporation of biotin hydrazide was entirely dependent on prior periodate oxidation. Faint staining was observed in the avidin non-retained fraction, suggesting a very low level of non-captured biotinylated glycoprotein (data not shown).
Identification of apical cell surface glycoproteins by LC -MS/MS of tryptic peptides
Based on our previous findings, a steroid treatment regime was selected to simulate receptive phase endometrial epithelium (Singh et al., 2010) . Ishikawa cells were grown in medium containing E 2 (10 28 M) for 24 h, switched to E 2 and MPA (10 26 M) for 72 h, and then biotinylated. The avidin column-purified fraction was resolved by SDS-PAGE, and nine gel slices containing masses in the range 30 -550 kDa were excised, reduced, alkylated and subjected to in-gel digestion with trypsin. Samples were analysed by LC -MS/MS and data searched against the NCBI (Human National Centre for Biotechnology Information) SWIS-SPROT and TrEMBL non-redundant protein sequence database using the MASCOT algorithm for protein identification. This resulted in identification of 79 fully annotated glycoproteins.
Summary of the identified proteins
Of the total proteins identified, 30 (38%) are integral to the plasma membrane, 6 (8%) are membrane-associated, 20 (25%) are cytoskeletal/ cytosolic, 7 (9%) are nuclear, 4 (5%) are secreted, 6 (8%) are extracellular matrix proteins, while 5 (6%) are represented as miscellaneous. Contamination by avidin (presumably leached from the affinity matrix) accounted for 1% of the peptides. A breakdown of all the identified proteins represented in major categories is shown in Table II . Integral apical plasma membrane proteins: Hydrophobic transmembrane domains were sought within the repertoire identified using the Sosui prediction algorithm (http://harrier.nagahama-i-bio.ac.jp). All 30 of the identified membrane proteins contained at least one transmembrane domain. Data were cross-validated using information from Expasy and Genecard. Proteins containing such domains were functional and localization analysis yielded 11 of 30 (37%) as adhesion, 12 of 30 (40%) as transport and 7 of 30 (23%) as signalling. Approximately 50% of the membrane proteins are already described in human endometrial luminal epithelial cells, while others are novel.
Cytosolic and nuclear proteins: Of the 79 proteins identified 20 (25%) are cytosolic. These include the cytoskeletal proteins actin and keratin as well as heat shock proteins. Nuclear proteins (7; 9%) including histones were also identified. Given the absence of detectable cytoplasmic or nuclear avidin binding in viable biotinylated cells, a possible explanation could be the presence of a low level of biotin-permeable apoptotic cells. Alternatively, a low level of endogenous intracellular biotinylation could have occurred on histone.
CD147, integrin b1 and CD44 are apically expressed in Ishikawa cells
We selected three candidates that have been previously described in endometrium, basigin (CD147) (Braundmeier et al., 2006; Dominguez et al., 2010) , integrin b1 (Lessey et al., 1992; Quenby et al., 2007) and CD44 (Behzad et al., 1994) which are all highly glycosylated transmembrane proteins with multiple binding partners at the cell surface. Moderate CD147 apical staining was observed in Ishikawa cells by confocal Z-series optical sectioning, while strong lateral and basal expression was observed ( Fig. 2A) . Strong apical and lateral expression of both CD44 and integrin b1 were also observed in Ishikawa cells (Fig. 2B and  C) . Orthogonal XZ view clearly demonstrates the predominantly punctate apical and lateral surface expression of CD147, integrin b1 and CD44 in Ishikawa cells (Fig. 2D) . In endometrium, these proteins are expressed in varying amounts at apical, basal and lateral epithelial surfaces (Behzad et al., 1994; Albers et al., 1995; Quenby et al., 2007; Dominguez et al., 2010) .
Apical expression of the novel surface glycoproteins in Ishikawa cells and human endometrial luminal epithelium
For further validation of the glycoproteomic assay as applied to Ishikawa cells, three glycoproteins with known adhesive functions but little documentation in endometrium were selected and their expression was examined in cells and tissue. Immunofluorescence showed that Cadherin 6 (CDH6), Plexin B2 (PLXNB2) and Desmoglein 2 (DSG2) are distributed both apically and laterally in Ishikawa cells (Fig. 3A -C) . Orthogonal XZ view clearly showed a distinct predominant apical and lateral surface expression of CDH6 (Fig. 3D) , while moderate staining at the apical and strong distinct multi-punctate staining pattern at the lateral membrane of endometrial Ishikawa cells for PLXNB2 and DSG2 was observed (Fig. 3D ). All three proteins were detected in human mid-secretory phase endometrium on the apical surface of luminal epithelial cells (Fig. 4A -C) . DSG2 also showed lateral and basal distribution on luminal epithelial cells. In addition, stronger glandular and stromal expression of DSG2 in endometrium was observed, compared with weaker expression for CDH6 and PLXNB2.
CDH6 function in epithelial integrity
Based on the strong apical expression of CDH6 on the apical cell surface of Ishikawa cells, it was selected for siRNA knock-down and functional examination. Immunofluorescence staining showed identical homogenous CDH6 expression in non-transfected, mock-transfected and nontargeted control cells (Fig. 5A-C) . Cell viability in the siRNA concentration range used was verified by cell density and monolayer integrity after treatment with non-targeted sequences (Supplementary data, Fig. S1 ). With increasing siRNA concentration, the number of cells showing CDH6 staining decreased (Fig. 5D-F) . Western blots showed reductions in band intensity with 20 and 50 nM CDH6 siRNA transfected cells compared with control, mock and non-targeted controls samples (Fig. 4G) , indicating effective knock-down. There was no effect on b-actin. With 20 nM siRNA the cell monolayer was intact at 48 and 72 h (Supplementary data, Fig. S2 ), but higher siRNA concentrations (50 and 100 nM) increasingly compromised monolayer integrity, suggesting that CDH6 makes an important contribution to lateral intercellular adhesion. Similarly with PLXNB2 and DSG2 siRNA, epithelial monolayer integrity was compromised, indicating their role in lateral cellular adhesion (data not shown).
Discussion
Attempts to define a 'receptive state' transcriptome in endometrial epithelial cells have yielded rather few cell surface candidates (Campbell et al., 2006; Giudice et al., 2008; Guiudice et al., 2008) , while cell surface components are often under-represented in cellular proteomics surveys, partly because of the solution properties of their tryptic peptides; in addition, post-translational modification complicates the analysis of mass spectrometric profiles. Recent work with improved methodology has allowed proteomic profiling of growth factor effects (Yap et al., 2011) . Our method of targeting glycosylated apical surface moieties in this polarized epithelial culture model, involving oxidation of cisdiols followed by formation of biotin-hydrazide adducts, shows excellent selectivity for the apical surface and has yielded 46% membrane and membrane-associated components from a total of 79, which compares favourably with methods targeted to amino acid side-chains, which often Affinity enriched apical cell surface glycoproteins identified by mass spectrometry from three independent sample preparations. Proteins are grouped in various functional categories and are listed in descending order of their abundance, determined by the number of peptides identified. The maximum peptide number from one gel is given and number of times the protein was identified is given in brackets next to their molecular weight. CDH6 (B) PLXNB2 and (C) DSG2, showing apical and lateral expression of these markers. CDH6 and PLXNB2 showed strong expression on the apical surface while DSG2 showed moderate expression. Note that low intensity differential interference contrast was used in (B) and (C) in addition to the fluorescence illumination. (D) Orthogonal XZ view showing distinct apical and lateral expression of CDH6, while strong to moderate multi-punctate staining patterns on apical and lateral surfaces were observed for PLXNB2 and DSG2. Nuclear staining-DAPI for CDH6 and propidium iodide for PLXNB2 and DSG2.
Apical adhesion molecules and implantation return an overwhelming majority of cytoplasmic components (unpublished data). The validity of the method is supported by the fact that half of the membrane proteins identified have already been described in endometrial epithelium (Singh and Aplin, 2009) , while the others are novel. Known components with a proven role in implantation include MUC1 (Hey et al., 1994 (Hey et al., , 1995 Meseguer et al., 1998; Aplin, 2006; Aplin and Singh, 2008; Singh et al., 2010) , basigin/EMMPRIN and integrin av (Aplin, 1996; Apparao et al., 2001; Kang et al., 2014) . Basigin-null mice have been shown to have defective implantation (Kuno et al., 1998) while in vivo and in vitro models suggest a role for integrin avb3 (Illera et al., 2003; Kang et al., 2014) . Some expected components (integrin b3 is one example) were not detected; the sensitivity of the method has already been improved with greater analytical power since these proteomics experiments were performed, but profiling will inevitably be affected by the variable extent of post-translational modification of target polypeptides. In addition, embryonic growth factors probably increase the surface expression of certain markers. Ishikawa cells are a model, and some attributes of the normal secretory phase epithelium may well be lacking, but we show here that a substantial fraction of the apical glycoproteins identified in these cells are also expressed on the normal epithelium in vivo.
Previously we observed that MUC1 decreases beneath and adjacent to the site of implantation in vitro, and there is abundant evidence for periattachment embryo-epithelial signalling in mice (Wang and Dey, 2006) . A recent study using an antibody specific to the avb3 heterodimer has shown that av is present in endometrial epithelium as avb3, and that its abundance increases at the site of embryo attachment (Kang et al., 2014) . Our glycoproteomics analysis of affinity labelling of cells also detected av on the apical cell surface of Ishikawa cells. Knock-down of either or both integrin subunits demonstrate a role of avb3 in the early attachment of embryos to the apical epithelium. In addition, osteopontin, an avb3 ligand expression, has also been shown in endometrial epithelium and Ishikawa cells (Apparao et al., 2001; Quenby et al., 2007; Kang et al., 2014) .
Implantation undoubtedly relies on several molecular pathways, and we believe that using the in vitro model of implantation (Singh et al., 2010) , we will be able to examine and demonstrate the functional role of novel apically expressed adhesion molecules during embryo implantation. Cadherin 6, plexin B2 and desmoglein 2 were all here discovered in the Ishikawa apical surface compartment, and verified in mid-secretory endometrial luminal epithelium. It is surprising to note that surface glycoproteins showing a predominantly lateral distribution emerge from the apical glycoproteome. This had previously been observed with CD44 (Behzad et al., 1994) and integrin b1 (Quenby et al., 2007) , and has now been seen with basigin, cadherin 6 and desmoglein 2. Plexin B2 has been recognized to have roles in adhesion and migration in macrophages (Roney et al., 2011) and in the neural system where it interacts with semaphorin ligands (Maier et al., 2011) . The last of the three novel components is DSG2, a desmosomal glycoprotein with a wellcharacterized involvement in lateral cell-cell interaction. There is evidence for a role in stabilizing epithelial cells against apoptosis (Nava et al., 2007) . Its expression in a non-junction-associated form has also been reported, and it can function as an epithelial adenovirus receptor (Wang et al., 2011) . A recent study has also shown that redistribution of DSG2 takes place during the menstrual cycle and a subapical enrichment occurs during early to mid-luteal phase (Buck et al., 2012) . However, in each case, high resolution microscopy with specific antibodies has here provided convincing evidence that, although more abundant in the lateral compartment, reproducible apical expression is indeed present in Ishikawa cells, as indicated by the glycoproteomic profile. Previous work has suggested that loss of the polarized phenotype with diffusion between lateral and apical surface compartments may occur at implantation as a result of an embryonic stimulus (Heneweer et al., 2005) . Redistribution of cofilin, an actin-binding protein, from apical to basolateral takes place during the luteal phase (Morris et al., 2011) . Redistribution of adherens junction proteins also takes place at the implantation window (Buck et al., 2012) . By redistributing these components, the endometrial epithelium may prepare for early attachment by providing 'lateral' molecular cues for the interaction with trophectoderm, an adhesion process that is unique. We speculate that redistribution of these biomarkers in endometrium might be altered in infertile patients.
CDH6 is a member of the cadherin superfamily, which usually mediate homotypic cell-cell adhesion, previously observed in glandular epithelium and stroma in the human endometrium (Getsios et al., 1998) . CDH6 knock-down makes clear its importance to the lateral integrity of the Ishikawa monolayer, despite the presence of other cadherins both in this cell line (Li et al., 2002) and in endometrial epithelium in vivo (Bartley et al., 2014) . This is pertinent in the context of implantation, as lateral associations in the epithelial sheet are disrupted by the implanting embryo (Singh and Aplin, 2009) . CDH6 is widely expressed in normal tissues (www.biogps.org) with particularly high levels in liver, heart, muscle and neuronal cells, suggesting that endometrium may not be the only site at which epithelial integrity depends on its presence.
Implantation remains a bottleneck in ART, with high failure rates (Dey, 2010) . Our previous observations suggested that most embryos attach tenuously, but by no means all of them progress to implant (Singh et al., 2010) . We propose that elucidating the molecular interactions that govern the earliest phases of embryo-epithelial cross-talk will be of crucial importance in devising ways to improve implantation rates after embryo transfer, provide new insights into secretory endometrial defects that are responsible for infertility and aid in discovering targets for novel therapies. The vectorial biotin labelling of epithelial surface glycoproteins is an efficient way of enriching surface proteins and provides new data on the expression of cell adhesion molecules. Further work will be needed to examine the functions in the initial phase of embryo attachment of CDH6, DSG-2 and PLXNB2 and the other surface glycoproteins we have here identified. The approach can be employed in other cell systems to identify low abundance components at the cell surface.
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